Gray platelet syndrome (GPS) is a predominantly recessive platelet disorder that is characterized by mild thrombocytopenia with large platelets and a paucity of a-granules; these abnormalities cause mostly moderate but in rare cases severe bleeding. We sequenced the exomes of four unrelated individuals and identified NBEAL2 as the causative gene; it has no previously known function but is a member of a gene family that is involved in granule development. Silencing of nbeal2 in zebrafish abrogated thrombocyte formation.
Platelets are the second most abundant cell in the blood and maintain the integrity of arterial vessel walls. The formation of the platelet plug at the site of vessel wall damage is a multistep process of tethering and attachment followed by activation that causes the release of both the αand δ-granules. Platelets are anucleate and formed in large numbers in the bone marrow by polyploid precursor cells, named megakaryocytes. Inadequate numbers or impaired function of platelets can result in bleeding. GPS was first defined in 1971 when it was observed that, in some individuals with an inherited bleeding disorder, a May-Grünwald-Giemsa-stained blood smear showed gray platelets with large diameters 1 . Electron microscopic studies revealed a complete lack of α-granules in most of these individuals 2 (Fig. 1a) . As the α-granule protein cargo is essential to the development of a robust platelet plug, people with GPS show symptoms at platelet counts that are typically not associated with bleeding. Proteins that are normally only released upon platelet activation are spontaneously released from megakaryocytes, probably because of the lack of α-granules 3 .
A recent study established significant linkage of a locus on chromosome 3p21 to GPS, but the causative gene has remained elusive 4, 5 .
We therefore sequenced the exomes of four unrelated subjects with GPS ( Supplementary Tables 1 and 2, Supplementary Fig. 1 , Supplementary Methods and Supplementary Note), using the Agilent SureSelect protocol to enrich for 39.3 megabases of coding sequence and the Illumina GAII platform 6 . GPS is an extremely rare disorder, illustrated by the fact that there are about 30 documented cases in France; cases typically occur in families, consistent with it being a recessive disorder 4 . We hypothesized that the causative variants would be undescribed, and we filtered out variants seen previously and those not likely to affect protein function (Supplementary Methods). Assuming a recessive mode of inheritance, we required at least two novel mutations per individual in the same gene.
We found that all four subjects had at least two novel mutations with a predicted functional consequence for only the Neurobeachinlike 2 gene (NBEAL2), with two homozygous cases and two compound heterozygotes ( Table 1 and Fig. 1b ). NBEAL2 encodes a member of the family of BEACH domain-containing proteins on chromosome 3 (3p21). All mutations and genotypes were confirmed by capillary sequencing (data not shown). On the basis of theoretical calculations, we estimate that the probability of the observed mutation pattern occurring by chance is ~5 × 10 −11 (Supplementary Note). Furthermore, we established correct segregation in five further relatives, two unaffected and three affected ones, in pedigrees A, B and C and identified the affected father (B.I.2) of case B.II.3 as homozygous for the causative mutation, compatible with the known consanguinity in this pedigree (Supplementary Note). The mutations were at eight different locations in the 2,754-amino acid Nbeal2 protein and were absent in 994 low-pass samples from the main phase of the 1,000 Genomes Project 7 . Except for mutation G2553E in case D.II.3, all affected residues for the nonsynonymous SNPs were highly conserved, as well as the splice site disrupted by the seven-base pair insertion in the same case ( Table 1 and Supplementary Figs. 2-9 ). The eight mutations affect multiple exons of NBEAL2 and multiple protein domains, with the P2100L and S2269L variants being located in the BEACH domain itself. Modeling based on the fold of the homologous PH-BEACH structure from NBEA (ref. 8 ; >50% identity at the amino acid level) showed that the environment of the former mutation would introduce clashes in a tightly packed location of a hydrophobic pocket, and the latter would potentially lead to local changes in conformation ( Supplementary Fig. 10) .
To verify the biological importance of this gene, we silenced the zebrafish nbeal2 orthologous gene by injecting specific antisense morpholino oligonucleotides into one-cell-stage zebrafish embryos Exome sequencing identifies NBEAL2 as the causative gene for gray platelet syndrome Methods) . This resulted in a lineage-specific effect with a complete abrogation of thrombocyte formation but normal erythropoiesis ( Fig. 1c,d) . We observed spontaneous bleeding in the tail in 41% of the embryos ( Fig. 1e and Supplementary Fig. 11 ). The phenotype in zebrafish injected with morpholino oligonucleotides was more severe than that of humans with GPS, perhaps owing to the difference between a null phenotype in zebrafish and a loss of function in humans with GPS. Although the experiment did not address the function of α-granules in thrombocytes, these results support the essential role of the Nbeal2 protein in thrombopoiesis and in the etiology of GPS. Chromosomal coordinates are given relative to build NCBI37 of the reference genome. Functional consequences were predicted from the CCDS transcript, which was confirmed by the sequencing of megakaryocyte RNA (see supplementary note) and were either nonsynonymous (ns) or disrupting a splice site. SIFT and Polyphen were used to predict deleterious impact of the mutations (NA is not applicable). Conservation is defined as the number of species where the residue was identical to that in humans out of the number of species that had a protein alignment at the position of the mutation, using a total of 37 species including primates, placental mammals and vertebrates. Other members of the family of BEACH domain proteins include Nbea, Nbeal1, Lrba and Lyst (Supplementary Fig. 12) , which are believed to be important in membrane protein trafficking 9 . Like other BEACH members except for NBEAL1, NBEAL2 was expressed in megakaryocytes and was upregulated during megakaryopoiesis ( Supplementary Figs. 13 and 14) . Mutations in other BEACH members affect vesicle function in both humans and mice. Haploinsufficiency of the NBEA gene caused by a chromosomal rearrangement in an individual with extreme autism was associated with atypical platelet δ-granules, which suggests that Nbea might be involved in their formation 10 , whereas the platelet α-granules were normal. In contrast with Nbea, which in mice is required for the formation and functioning of central neuronal synapses 11 , NBEAL2 was not expressed in fetal or whole brain (Supplementary Fig. 15 ), consistent with the lack of neurological phenotypes in individuals with GPS. Mutations in the LYST gene that result in the truncation of the BEACH/WD40 domains or the total absence of the Lyst protein lead to dysregulation of lysosomal trafficking and cause Chediak-Higashi syndrome 12 , the symptoms of which include platelet-type bleeding that results from inadequate formation of δ-granules 13 . However, there was no previously known function for NBEAL2, and it has not been associated with common or rare diseases. It is absent from any of the 68 quantitative trait loci that were identified in a recent genomewide association study meta-analysis for the number and volume of platelets in 68,000 healthy individuals (N. Soranzo, unpublished data). Together, these findings are consistent with a role for Nbeal2 in the development or secretion of platelet α-granules, whereby individuals with recessive mutations have impaired platelet activation and plug formation, resulting in a propensity for bleeding.
Our result is supported by the findings of two previous linkage studies. One study found that 19 affected individuals in 11 out of 14 pedigrees (one being case A.I.3 from this study) were homozygous in the region chr3:42688625-52061914 on 3p21, which contains NBEAL2, together with a linkage of log-odds (LOD) ratio of 7.2 in the largest pedigree 4 . The researchers sequenced 69% of all exons in the homozygous interval, but no gene was identified. A separate linkage study reported a LOD score of 2.7 for the same locus and subsequently identified four affected individuals from two pedigrees that were completely homozygous and one individual that was mostly homozygous for the region chr3:48487338-50187790, which does not include NBEAL2 (ref. 5). Targeted next-generation resequencing of this region did not identify a causative gene. The segregation pattern inferred from microsatellite markers in the two pedigrees is consistent with compound heterozygosity for an interval that contains NBEAL2, and based on mixed ethnicity in one pedigree the authors raised this as a possibility 5 .
In summary, we identified multiple previously undescribed mutations in NBEAL2, a gene with no previously known function, in the recessive disorder gray platelet syndrome. It is consistent with a major role for Nbeal2 in the formation of α-granules, and this discovery may lead to the development of safer antiplatelet drugs for use in the treatment of individuals with heart attacks and stroke. A comparison with two previous linkage studies showed the power of directly observing sequence variation for resolving complex segregation patterns, in particular combinations of compound heterozygosity and homozygosity.
Accession codes. The exome sequencing data can be found in the European Genotype Archive under accession numbers EGAN00001007686, EGAN00001001896, EGAN00001001894 and EGAN00001001895 for cases A-D, respectively. The genomic reference sequence for NBEAL2 can be found under the GenBank accession number NM_015175. The microarray expression data can be found under the ArrayExpress accession numbers E-MTAB-633, E-MTAB-710 and E-MTAB-712.
